Measurement of the Partial Cross Sections <t T t, o"lt? and (or + £0"l) of the p(e, eV + )n 

Reaction in the A(1232) Resonance. 
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We report new precision p(e,e'ir )n measurements in the A(1232) 

-|2 



resonance at Q = 

0.127(GeV/c) 2 obtained at the MIT-Bates Out-Of-Plane scattering facility. These are the lowest, 
but non-zero, Q 2 measurements in the tt + channel. The data offer new tests of the theoretical cal- 
culations, particularly of the background amplitude contributions. The chiral effective field theory 
and Sato-Lee model calculations are not in agreement with this experiment. 



PACS numbers: 

Hadrons are composite systems with non-spherical 
quark-gluon and meson-nucleon interactions, so there is 
no reason to expect that they will be spherical [J 0| • For 
the past few decades there has been extensive work to 
measure and quantify the deviation from spherical sym- 
metry based on the j*N — > A reaction. For recent re- 
views and references to the literature see [3, H], H| ■ 

The spectroscopic quadrupole moment provides the 
most reliable and interpretable measurement of the pres- 
ence of non-spherical components in the wavefunction. 
For the proton it vanishes identically because of its 
spin 1/2 nature. Instead, the magnitude of the non- 
spherical components are measured by the resonant elec- 
tric quadrupole (E2) and Coulomb quadrupole (C2) am- 
plitudes -Ei+ 2 , Sf+ 2 (for the notation see [1,0]) m the pre- 
dominantly magnetic dipole (Ml) Aff+ 2 j*N — > A tran- 
sition [1, [j, Q . Nonvanishing resonant quadrupole ampli- 
tudes will signify that either the proton or the A + (1232) 
or more likely both are characterized by non-spherical 
components in their wavefunctions. 

In the constituent-quark picture of hadrons, these non- 
spherical amplitudes are a consequence of the non-central 
color- hyperfine interaction among quarks |l|, [2] . However 
it has been shown that this mechanism only provides a 
small fraction of the observed quadrupole signal at low 
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Q 2 [sl 0, HI ■ At long ranges the dominant contribution 
originates in the spontaneous breaking of chiral symme- 
try which leads to a spherically asymmetric virtual pion 
cloud [4(. With this in mind our group has foucused 
on the_7*»_-> A reaction at low Q 2 (< 0.2 (GeV/cf) 
H> H O EHi 0! 13 with precise measurements at 
Bates and Mainz. Other experiments at low Q 2 have also 
been performed at Mainz and Brookhaven fl1lllrl [l7L[l8l ]. 
At Jefferson Lab a series of experiments have been per- 
formed primarily at hi ghe r Q 2 and mostly in the ir° chan- 
nel [3i, m 0, MM HI HE E3. 

With the existence of non-spherical components in the 
nucleon wavefunction well established, recent investiga- 
tions have focused on testing the reaction calculations 
and reducing the errors in extracting the resonant multi- 
poles from the data. To do this we have explored all three 
reaction channels associated with the j*N — ► A transi- 
tion: H(e, e'p)TT°, H(e,e'n + )n and H(e, e'p)^. So far at 
the kinematics of this work, at Q 2 = 0.127 (GeV/c) 2 , 
and in the low Q 2 region, only the H(e, e'p)ir° channel 
has been extensively explored. The one exception is the 
CLAS experiment for 0.25 < Q 2 < 0.65 (GeV/c) 2 J2f|. 

The exploitation of the other two reaction channels of- 
fers us the unique opportunity to explore the physics of 
interest through different, complementary, reaction chan- 
nels that can provide additional information with respect 
to both the resonant and the background amplitude con- 
tributions. The background contributions need to be 
reasonably accurately known for the determination of 
the weak quadrupole resonant amplitudes. These play 
a more significant role in the tt° channel off resonance, or 
in the n + channel. They also are dominant in the TL 
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(fifth structure function) observable. This gives three 
different ways to test these contributions. 

Exploring the H(e,e'7r + )n reaction channel (comple- 
mentary to H(e, e'p)ir°) offers the necessary information 
in order to separate the two isospin terms (1=1/2 and 
7=3/2) that both contribute with different weighting in 
the two channels 

A( 1P ^mr+) = V2(A^-±A^ (1) 

(2) 



A( 1P - P tt°) = Ay 2 + -A^V 



where A is any multipole operator. 

The cross section of the H(e, e'7r + )n reaction is sensi- 
tive to four independent partial cross sections: 

dn e dn;<L; = r {aT + £GL + £<TTT cos 2 ^ q (3) 

+VLT&LT COS fag) , 

were s is the transverse polarization of the virtual photon, 
r is the virtual photon flux, <p nq is the pion azimuthal 
angle with respect to the momentum transfer direction, 
and vlt = y2e(I + e). The ot and ol terms can be 
combined into a single one, Co = &t + 

The E2 and C2 amplitudes manifest themselves mostly 
through the interference with the dominant dipole (Ml) 
amplitude. The interference of the C2 amplitude with 
the Ml leads to the longitudinal-transverse (LT) response 
while the interference of the E2 amplitude with the Ml 
leads to the transverse-transverse (TT) response. The oo 
partial cross section is dominated by the Ml multipole. 

The H(e, e / n + )n measurements were performed using 
the out-of-plane spectrometer (OOPS) system [28| of the 
MIT-Bates Laboratory. Electrons were detected with 
the OHIPS spectrometer (2^| which employed two ver- 
tical drift chambers for the track reconstruction and 
three scintillator detectors for timing information. A 
Cherenkov detector and two layers of 18 Pb-glass detec- 
tors were used for particle identification. Pions were de- 
tected with the OOPS spectrometers which were instru- 
mented with three horizontal drift chambers for the track 
reconstruction followed by three scintillator detectors for 
timing and particle identification. Three identical OOPS 
modules were placed symmetrically at azimuthal angles 
4>* = 60°, 90°, and 180° with respect to the momen- 
tum transfer direction for the measurement at central 
kinematics of 9* q = 44.45°; thus we were able to isolate 
the cttt, &lt, and a partial cross sections. An OOPS 
spectrometer was positioned along the momentum trans- 
fer direction thus directly measuring the parallel cross 
section at 9* q = 0°. A high duty factor 950 MeV elec- 
tron beam of 7 /iA average current was scattered from 
a cryogenic liquid- hydrogen target. Measurements were 
taken at W = 1232 MeV and at four-momentum transfer 
of Q 2 = 0.127 (Gev/c) 2 . Point cross sections were de- 
rived from the finite acceptances by projecting the mea- 
sured values to point kinematics using theoretical mod- 
els [30l . l3lL l32l the projection to central kinematics 



had minimal influence on the systematic uncertainty of 
the results. Two simultaneous redundant measurements 
were performed at W = 1232 MeV, Q 2 = 0.127 (Gev/c) 2 
and 9* q = 44.45° by placing two OOPS spectrometers 
symmetrically with respect to the scattering plane at 
(j)* = 60° and —60°. The results of both cross sections 
were in excellent agreement thus confirming our good un- 
derstanding of the OOPS system. Radiative corrections 
were applied to the data [34( using the code ExcluRad 
[35|]. The coincidence tirne-of-flight spectrum and the 
reconstructed missing-mass are presented in Fig. Q] and 
Fig. [5] respectively. Elastic scattering data for calibra- 
tion purposes were taken using liquid-hydrogen and car- 
bon targets. The uncertainty in the determination of the 
central momentum was 0.1% and 0.15% for the pion and 
electron arms, respectively while the uncertainty and the 
spread of the beam energy were 0.3% and 0.03%, respec- 
tively. A detailed description of all experimental uncer- 
tainties and their resulting effects in the measured partial 
cross sections is presented in [3J]. 
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Figure 1: The coincidence time of flight spectrum. 

In Fig. [3] we present the experimental results for the 
measured cross sections as well as for the extracted oo, 
<jlt and ott partial cross sections. Both the statistical 
and the total experimental uncertainties are exhibited 
in the figure. The experimental results are compared 
with the phenomenological model MAID 2007 [32|, l33| . 
the dynamical calculations of Sato-Lee [30j and of DMT 
[3~H and the ChEFT calculation of Pascalutsa and Van- 
derhaegen 36]. The MAID model which offers a flexi- 
ble phenomenology and which provides an overall con- 
sistent agreement with the H(e, e'p)ir° data at the same 
Q 2 [n| exhibits the best agreement with the experimen- 
tal results. The DMT and Sato-Lee are dynamical reac- 
tion models which include pion cloud effects and both 
calculate the resonant channels from dynamical equa- 
tions. DMT uses the background amplitudes of MAID 
with some small modifications while Sato-Lee calculate 
all amplitudes consistently within the same framework 
with only three free parameters. DMT exhibits an overall 
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agreement with the data with the partial exception of the 
cross section measurement at 9* vq = 44.45°, <\>* nq = 180°. 
On the other hand the Sato-Lee model exhibits a clear 
disagreement with the data. The model clearly under- 
estimates the measured cross sections and the extracted 
(To- For 6** 9 lower than 30° one can also point out a qual- 
itative disagreement of Sato-Lee both with the data and 
with the rest of the models; Sato-Lee predicts a plateau 
below 9* q = 30° for cr while the data and the rest of 
the theoretical calculations indicate a Go increase as we 
approach 0* = 0°. On the other hand the calculation is 
within good agreement with the extracted <jlt and ott 
cross sections. The magnitude of the disagreement be- 
tween the Sato-Lee prediction and the H(e, e'i: + )n results 
is a bit surprising if we consider the reasonable agreement 
of the Sato-Lee calculation with the experimantal results 
of the H(e, e'p)ir° channel at the same Q 2 [Io| . 
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Figure 2: Typical missing mass distribution for the recon- 
structed neutron. 

The chiral effective held theory (ChEFT) calculation of 
Pascalutsa and Vanderhaegen, is a systematic expansion 
based on QCD[36]. The results of this expansion up to 
next to leading order is also presented in Fig. [3] Here 
the contribution of the next order term in the expansion 
has been estimated and the theoretical errors reflect this 
uncertainty. A significant overestimation of both the CTo 
and <jlt results, even with the relatively large theoretical 
uncertainty, indicates that the next order calculation is 
required. It is worth pointing out that this calculation is 
in reasonable agreement with the ctq and glt results for 



the p(e, e'p)ir° channel [HE1- 

The pion electroproduction database for the p(e, e'p)7r° 
reaction channel is by now rather extensive resulting in a 
good understanding of the resonant amplitudes. Because 
those measurements are twice as sensitive to the resonant 
7 = 3/2 multipoles as the present 7r + measurements, the 
exploration of the n + channel offers higher sensitivity 
to the background amplitudes which can be observed in 
the dependence of the cross section as a function of <j)% q 
in Fig. [3Ja). The resonant 7 = 3/2 multipoles domi- 
nate the cross section towards §* Kq = 0° while towards 
the cj)% q — 180° region it is the 7=1/2 background 
ones that play the dominant role. One can observe that 
the MAID, DMT and Sato-Lee models exhibit an agree- 
ment in their description of the cross section at 0* ? = 0°, 
where the resonant terms dominate, while they deviate 
as we move towards <p* q = 180°. This is mainly a con- 
sequence of the disagreement of the background ampli- 
tudes of the models. These conclusions reinforce those 
that have been inferred from the background sensitive 
results previously acquired for the p(e, e'p)ir° channel 
at Q 2 = 0.06 and 0.20 {GeV/c) 2 . at the lower wing of 
the resonance (W = 1155 MeV) [HI which exhibit high 
sensitivity to background amplitude contributions. This 
study also shows a relatively better description of the 
background amplitudes from the MAID and the DMT 
models compared to the Sato-Lee one, after the reso- 
nant amplitudes have been refitted to the resonant data, 
but at the same time none the models completely suc- 
ceeds in agreeing with the data. In contrast to these 
findings the Sato-Lee dynamical model works well for 
the CLAS experiment for the ep — > e 7r + n reaction at 
0.25 < Q 2 < 0.65 (GeV/c) 2 [26\. In addition the Sato- 
Lee model is in g ood agreement with the <7 LT > data on 
resonance 0,Oj] at Q 2 = 0.06 and 0.20 (GeV/c) 2 which 
also provide additional information regarding a part of 
the background amplitude contributions. 

In conclusion, we present new precise measurements 
of the p(e, e'ir + )n reaction channel in the A(1232) reso- 
nance region. The new data, which exhibit a higher sen- 
sitivity to the background amplitude terms compared to 
our previously explored p(e,e'p)Tr° channel studies in the 
small Q 2 region [1, [i| Eli EH, El, E3 , provide strong con- 
straints to the most recent theoretical calculations. We 
find that the DMT [31] and MAID [53] models are in rea- 
sonable agreement with the data but that the Sato-Lee 
model 1 30] and the chiral effective field theory calcula- 
tions [361 ] are not. 



[1] A. de Rujula et al., Phys. Rev D12,147 (1975); 

S.L. Glashow, Physica A96, 27 (1979). 
[2] N. Isgur et al, Phys. Rev. D25, 2394 (1982); S. Capstick 

and G. Karl, Phys. Rev. D41, 2767 (1990). 
[3] Workshop on the Shape of Hadrons, Athens, Greece, Apr 

2006, C.N. Papanicolas and A.M. Bernstein, editors, AIP 

Conf. Proc. 904(2007). 



[4] A.M. Bernstein and C.N. Papanicolas in ||. 

[5] Vladimir Pascalutsa, Marc Vanderhaeghen, and Shin 
Nan Yang, Phys. Rep.437, 125(2007). 

[6] The spin-parity selection rules in the N(J n — l/2 + ) — > 
A(J 7r = 3/2 + ) transition allow only the presence of 
a magnetic dipole (Ml) and electric quadrupole (E2) 
or Coulomb quadrupole (C2) photon absorption ampli- 



4 




Figure 3: The experimental results are presented along with the corresponding theoretical calculations of MAID, DMT, Sato- 
Lee and ChEFT. The shaded band corresponds to the uncertainty of the ChEFT calculation. In (a) the measured cross sections 
at Q^q — 44.45° are presented. In (b), (c) and (d) the extracted ctq, ott and <jlt are presented respectively. 



tudes, or the corresponding pion production multipoles 
Aif+ 2 , EV^ \ and to contribute. The notation for the 
latter is pj that M, E, S stand for magnetic, electric, or 
scalar, the superscript is the isospin channel = 1/2 or 3/2 
(3/2 for the resonant terms), and the subscript stands 
for the orbital angular momentum transfer L, and the ± 
stands for the total angular momentum J = L ± 1/2 ( 
the 1+ label is for J = 3/2). 
[7] D. Drechsel and L. Tiator, J. Phys. G18, 449 (1992) 
[8] N.F. Sparveris et al, Phys. Rev. C67, 058201 (2003). 
[9] C. Kunz et al, Phys. Lett. B 564, 21 (2003). 

[10] N.F. Sparveris et al, Phys. Rev. Lett. 94, 022003 (2005). 

[11] S. Stave et al, Eur. Phys. J. A 30, 471 (2006). 

[12] N.F. Sparveris et al, Phys. Lett. B 651, 102 (2007). 

[13] S. Stave et al, Phys. Rev. C78, 025209 (2008). 

[14] N.F. Sparveris et al, Phys. Rev. C78, 018201 (2008). 

[15] G. Blanpied et al, Phys. Rev. Lett. 79, 4337 (1997). 

[16] R. Beck et al, Phys. Rev. Lett. 78, 606 (1997); 
ibid. 79, 4515 (1997) (Erratum). 
R. Beck et al, Phys. Rev. C61, 35204 (2000). 

[17] T. Pospischil et al, Phys. Rev. Lett. 86, 2959 (2001). 

[18] P. Bartsch et al, Phys. Rev. Lett. 88, 142001 (2002). 

[19] V.V. Frolov et al, Phys. Rev. Lett. 82, 45 (1999). 

[20] K. Joo et al. Phys., Rev. Lett. 88, 122001 (2002). 

[21] J.J. Kelly et al, Phys. Rev. Lett. 95, 102001 (2005). 



[22] K. Joo et al, Phys. Rev. C68, 032201 (2003). 
[23] K. Joo et al, Phys. Rev. C70, 042201 (2004). 
[24] L.C. Smith, contribution to 0]. 

[25] M. Ungaro et al, Phys. Rev. Lett. 97, 112003 (2006). 

[26] H. Egiyan et al, Phys. Rev. C73, 025204(2006). 

[27] K. Park et al, Phys. Rev. C77, 015208 (2008). 

[28] S. Dolfini et al, Nucl. Instrum. Methods A 344, 571 

(1994); Z. Zhou et al, Nucl. Instrum. Methods A 487, 

365 (2002). 

[29] X. Jiang, Ph.D. thesis, Univ. of Massachusetts (1998). 
[30] T. Sato and T.-S.H. Lee, Phys. Rev. C63, 055201 (2001); 

B. Julia-Diaz, T.-S.H. Lee, T. Sato, L.C. Smith, PRC 75, 

015205 (2007). 

[31] S. Kamalov and S. Yang, Phys. Rev. Lett. 83, 4494 
(1999) 

[32] S.S. Kamalov et al, Phys. Lett. B 522, 27 (2001). 

[33] D. Drechsel et al, Nucl. Phys. A 645, 145 (1999); Eur. 

Phys. J. A 34, 69 (2007). 
[34] J. Kirkpatrick, Ph.D. thesis, Univ. of New Hampshire 

(2005). 

[35] A. Afanasev et al, Phys. Rev. D 66, 074004 (2002). 
[36] V. Pascalutsa and M. Vanderhaegen et al, Phys. Rev. 
Lett. 95, 232001 (2005) and private communication. 



